Probst et al P eripheral nerve injuries are an uncommon, but serious, sports injury that can lead to permanent motor and sensory deficits. Approximately 20% to 30% of all sportsrelated peripheral nerve injuries occur in American football. 13, 15 The vast majority of sports-related peripheral nerve injuries occur in the upper extremities. 13 Injury to the axillary nerve has been reported in approximately 10% of all sports-related peripheral nerve injuries, 13 and is the most commonly injured nerve in shoulder injuries. 20 Most frequently, the axillary nerve is injured due to an anterior shoulder dislocation 9,26 or proximal humeral fracture, 26 but the nerve can also be injured due to direct, blunt trauma, 2,22 or compression in the quadrangular space. 13 Blunt trauma injuries are associated with an increased prevalence of nerve rupture 10 and have a worse prognosis compared with injuries secondary to shoulder dislocation. 21 Early identification, localization, and treatment of axillary and other peripheral nerve injuries is imperative because a delay in diagnosis has implications on recovery. 6, 24 The purpose of presenting this case of a delayed diagnosis of isolated axillary nerve injury in an elite high school football player is to discuss (1) the specific path to the diagnosis of the injury localized specifically to the distal branch of the axillary nerve, (2) the treatment of this athlete, and (3) options for evaluation and modern treatment of axillary nerve injuries.
shoulder apprehension test produced only mild discomfort but without the sensation of instability.
The patient underwent electrodiagnostic testing (Appendix Table A1 , available in the online version of this article), demonstrating evidence of complete denervation with fibrillation potentials and no motor units present in the left anterior and middle deltoid heads. In the posterior deltoid head, fibrillation potentials were present indicating denervation, although motor units were also present, indicating some spontaneous recovery with reinnervation. Notably, the teres minor muscle was normal without denervation. The 3 heads of the triceps were tested as potential donor nerves for transfer and were normal. Additionally, other C5 and C6 innervated muscles were normal. A shoulder magnetic resonance image ( Figure 1 ) confirmed subacute to chronic denervation of the anterior and middle heads of the left deltoid and demonstrated an unaffected teres minor muscle, suggesting an injury to the deltoid branch of the axillary nerve.
Given that he was 5 months out from his injury and that surgical outcomes diminish after a protracted time of injury, the patient was urgently referred to a plastic surgeon with expertise in nerve injury; and approximately 6 months after the injury, the patient underwent an exploration and decompression of the left axillary nerve in the quadrangular space with a medial triceps nerve to axillary nerve transfer. At surgery, the quadrangular space was decompressed with a step lengthening tenotomy of the long head of the triceps within the muscle belly. A severe, scarred, in-continuity injury of the axillary nerve was identified. Intraoperative electrical stimulation of the axillary nerve confirmed function in branches to the posterior deltoid and teres minor muscles and these branches were protected. The large neuroma in-continuity was excised and reconstructed with an end-to-end medial triceps nerve transfer specifically to the anterior and middle axillary nerve branches. The patient participated in physical therapy shortly after surgery, which focused on neuromotor control, active range of motion within a pain-free range, and he was advanced as tolerated. Approximately 6 months after surgery and 11 months after the initial injury, he was able to actively contract his deltoid and experienced increasing deltoid muscle bulk ( Figure 2 ). Progression to muscle length and strength balance across the shoulder girdle, including scapular mechanics, became the focus in physical therapy. Once this was accomplished, overhead activities and then sport-specific activities were introduced.
Prior to returning to sport, he was able to achieve 5/5 strength on manual muscle testing of all three heads of his left deltoid muscle. His left triceps muscle strength remained 5/5 indicating no donor-site morbidity. His Disability/Symptom Score on the Disabilities of the Arm, Shoulder and Hand (DASH) patientreported outcome measure improved from a 14.6 preoperatively to a 2.5 ten months postoperatively. Additionally, his DASH Sports Module Score in relation to football improved from a 31.3 to a 0 over the same time period. He was able to return to football prior to the start of the subsequent season, 8 months after surgery and 13 months after his initial injury. He has been highly successful in his return to sport and plans to play Division I football at the collegiate level. 
DisCussion
This case demonstrates the importance of the early recognition and close observation of peripheral nerve injuries in athletes. Despite significant, visually apparent deltoid atrophy, this athlete returned to play without a diagnosis. He did not undergo diagnostic testing such as an electrodiagnostic test to diagnose his injury until approximately 5 months after the initial injury. Electrodiagnostic testing localized a salvageable, isolated axillary nerve injury. The patient was then promptly referred to a plastic surgeon with extensive expertise in peripheral nerve injuries.
The delay in the diagnosis of axillary nerve injuries in the setting of shoulder trauma is not uncommon. 7 The deficits associated with axillary nerve injury, decreased shoulder abduction and external rotation strength, as well as sensory loss over the deltoid, are relatively minor compared with the injury of other upper extremity peripheral nerves. Often athletes can maintain full shoulder range of motion in the absence of a functional deltoid through the substitution of rotator cuff muscles, making the diagnosis of axillary nerve injury more challenging. 19, 22 In fact, many athletes with axillary nerve injuries maintain significant shoulder strength and range of motion and can initially return to sport without surgical intervention. 22 However, there is concern that in the absence of a functional deltoid, overreliance on the rotator cuff muscles to maintain shoulder function may cause decreased shoulder endurance and predispose an athlete to premature degeneration of the rotator cuff. 27 Surgical reconstruction of a closed axillary nerve injury via nerve graft or nerve transfer is recommended when there is no spontaneous recovery 3 to 6 months after the injury. 1, 5, 24 Multiple studies have demonstrated that a triceps nerve to axillary nerve transfer leads to increased deltoid strength in both pediatric and adult populations with axillary nerve injury. 8, 14, 27, 29 This surgery may increase shoulder endurance postoperatively. 3 Additionally, these nerve transfers do not cause donor-site morbidity as would be demonstrated by decreased triceps strength. 16, 27, 29 Nerve grafts can also improve deltoid strength after an axillary nerve injury. 5, 18, 28 In a systematic review of nerve transfer and nerve graft reconstructions for posttraumatic, isolated, axillary nerve injuries, there was no significant difference between nerve graft and nerve transfer procedures in the recovery of shoulder abduction. 12 However, nerve transfers may allow for faster reinnervation of muscles compared with nerve grafting because the nerve transfer can be performed closer to the neuromuscular junction (L. F. Domeshek et al, unpublished data, 2019). 16, 25 Nerve transfers have also been used in an end-to-side fashion to augment an axonotmetic injury. 23 Prompt reinnervation after a nerve injury is important as prolonged denervation increases the development of degenerative and fibrotic changes in muscles. 25 In a study of 121 patients who had a repair via nerve graft of an isolated or combined axillary nerve injury, postoperative strength was statistically better in patients who underwent surgery within 5.3 months from the time of injury. 4 Additionally, in a retrospective study of 21 patients who underwent a triceps motor branch nerve transfer for the treatment of isolated axillary nerve injury, delay from the time of injury to the time of nerve transfer was the most important predictor of poor deltoid strength postoperatively. 14 In pediatric patients who underwent a triceps nerve to axillary nerve transfer, shorter denervation time correlated with better recovery for shoulder abduction and external rotation strength postoperatively. 17 Given the timesensitive nature of the recovery of peripheral nerve injuries, it is imperative that these injuries be recognized early and monitored closely. Athletes who experience a peripheral nerve injury should undergo electrodiagnostic testing 3 to 4 weeks after their initial injury to localize the injury and establish a baseline for future electrodiagnostic testing. At 3 months postinjury, the lack of spontaneous recovery (the absence motor units on electromyography [EMG] ) is an indication for surgery. 4, 5, 24 By contrast, if the surgery is delayed and evidence of acute denervation (fibrillations or positive sharp waves on EMG) is no longer present, nerve transfers are less likely to be successful. 25 Additionally, a surgical decompression of the quadrangular space with step lengthening of the long head of the triceps tendon may relieve a conduction block in the axillary nerve.
This patient was able to return to sport approximately 8 months after his nerve transfer and 13 months after his initial injury. There are no evidence-based criteria regarding return to sport after an axillary nerve injury or nerve transfer, and recommendations are limited to expert opinion. 9, 21 Animal studies have demonstrated that overuse of a muscle soon after a nerve injury can have deleterious effects on muscle recovery. 11 Thus, immediate return to sport after a nerve injury may impair muscle recovery. No doubt many athletes with axillary nerve injuries are able to return to sport without surgical intervention. 22 Therefore, it is very important to closely monitor athletes with peripheral nerve injuries given the time-sensitive nature of recovery and potential for improved outcomes with timely treatment.
ConClusion
An elite high school American football athlete initially returned to play without a diagnosis after experiencing a shoulder injury with deltoid atrophy. Five months after his initial injury, EMG localized an isolated, salvageable, single axillary nerve branch injury. This athlete underwent a medial triceps nerve to axillary nerve transfer with subsequent recovery of muscle bulk and strength and return to sport. 
